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Abstract: Non-collinear antiferromagnetic materials have received dramatically 
increasing attention in the field of spintronics as their exotic topological features such 
as the Berry-curvature-induced anomalous Hall effect and possible magnetic Weyl 
states could be utilized in future topological antiferromagnetic spintronic devices. In 
this work, we report the successful integration of the antiferromagnetic metal Mn3Sn 
thin films onto ferroelectric oxide PMN-PT. By optimizing growth, we realized the 
large anomalous Hall effect with small switching magnetic fields of several tens mT 
fully comparable to those of bulk Mn3Sn single crystals, anisotropic 
magnetoresistance and negative parallel magnetoresistance in Mn3Sn thin films with 
antiferromagnetic order, which are similar to the signatures of the Weyl state in bulk 
Mn3Sn single crystals. More importantly, we found that the anomalous Hall effect in 
antiferromagnetic Mn3Sn thin films can be manipulated by electric fields applied onto 
the ferroelectric materials, thus demonstrating the feasibility of Mn3Sn-based 
topological spintronic devices operated in an ultralow power manner. 
  
1. Introduction 
Since the theoretical prediction and subsequent experimental realization of the anomalous 
Hall effect (AHE) in non-collinear antiferromagnets [1-6], Mn3Sn has been a hot spot in 
antiferromagnetic (AFM) spintronics. For example, the magnetic Weyl state has been 
theoretically predicted [7,8] and the evidence of this exotic state has been found for Mn3Sn 
[9]. More recently, Mn3Sn has been used in AFM spintronic devices, where the manipulation 
of the non-collinear spins enables the magnetic spin Hall and magnetic inverse spin Hall 
effects [10]. 
The advantages of using AFM materials in spintronic devices are obvious in terms of the spin 
dynamics and robustness over external magnetic perturbations. Thus, AFM spintronics has 
developed fast in recent years [11-24]. It could revolutionarily replace the current information 
storage technique for picosecond information writing [25-27], higher integration density, and 
magnetic-field insensitive information storage [24,28].  
To use an AFM material for memory device applications, one must manage to control its 
resistance state. Regarding this aspect, either the longitudinal resistance can be modified via 
the anisotropic magnetoresistance (AMR) effect [29-31] by spin-orbit torque [30] or 
piezoelectric strain [28], or the transverse Hall resistance can be reversed by magnetic fields 
[3,10] or piezoelectric strain [6]. Among these approaches, both the spin-orbit torque and 
magnetic fields rely on electrical currents which generate considerable Joule heating during 
information writing and accordingly need high energy consumption. In contrast, the 
piezoelectric strain approach could cost ultralow power owing to the suppression of Joule 
heating as a result of the highly insulating nature of ferroelectric materials [23,24]. Therefore, 
it is highly desired that the Weyl antiferromagnet Mn3Sn could be integrated onto ferroelectric 
materials to realize electric-field control in topological AFM spintronic devices. In this work, 
we report the success of the endeavor on this important perspective. 
  
2. Experimental methods 
Mn3Sn films were grown on (001)-oriented MgO, 0.7PbMg1/3Nb2/3O3–0.3PbTiO3 (PMN-PT), 
100-nm-thick LaAlO3-buffered PMN-PT substrates from a polycrstalline Mn3Sn target by a 
d.c. sputtering system with a base pressure of 7.5×10-9 Torr. The growth temperature was 150 
˚C. The sputtering power and the Ar pressure during deposition were 60 W and 3 mTorr, 
respectively. The growth rate was ~0.28 Å/s as determined by transmission electron 
microscopy measurements. Co90Fe10 (CoFe) thin films were grown by the d.c. sputtering 
system as well. The sputtering power and the Ar pressure were 90 W and 3 mTorr, 
respectively. The growth rate was ~0.11 Å/s. Pt thin films were sputtered by 30 W at an Ar 
pressure of 3 mTorr. Its growth rate was 0.5 Å/s. The 100-nm-thick LaAlO3 buffer layers on 
PMN-PT substrates were fabricated by pulsed laser deposition with a laser fluence of ~1.6 
J/cm2, an oxygen pressure of 10-2 Torr and a repetition rate of 10 Hz at 800 ˚C. The focused 
laser spot size was 1×3 mm2 and the target-substrate distance was 60 mm. The deposition rate 
of LaAlO3 is ~0.11 Å/pulse. 
A Quantum Design VersaLab system was used for conducting electrical and magnetic 
measurements. The measuring current was 1 mA supplied from a Keithley 2400 sourcemeter. 
A Keithley 2182A nanovolt meter was used to collect voltage signals for both longitudinal 
and transverse resistance measurements. The gate electric field was supplied by another 
Keithley 2400 sourcemeter. 
3. Results and discussion 
Firstly, by varying the growth temperature of Mn3Sn thin films onto (001)-oriented MgO 
single-crystal substrates from room temperature to 750 ˚C, we identified that the optimal 
growth temperature for achieving the most remarkable AHE and the lowest magnetic field for 
switching the anomalous Hall resistance is 150 ˚C. As shown in Fig. 1a, a 50-nm-thick 
Mn3Sn/MgO heterostructure fabricated at 150 ˚C exhibit a rather sharp interface between the 
Mn3Sn film and the MgO substrate. The Mn3Sn film is reasonably flat and continuous. The 
  
zoom-in image of an interfacial region (Fig. 1b) reveals the textured polycrystalline feature of 
the Mn3Sn film with epitaxy in the first several atomic layers. X-ray diffraction measurements 
reveal a preferred (002) orientation with an average grain size of ~16 nm. Compared with the 
crystallization temperature of oxides that is typically ~450 ˚C [32], the intermetallic Mn3Sn 
starts to crystallize at a much lower temperature. 
Diamagnetic oxide substrates could contain ferromagnetic impurities and thus exhibit 
ferromagnetic-like signals [33], which could be misleading especially for magnetic 
measurements of thin films with small magnetic signals. To check this out, we examined our 
MgO substrates by magnetic measurements and it was found that they show linear 
diamagnetic signals, which ensures the reliable analysis of ferromagnetic signals of Mn3Sn 
thin films grown on them. The room-temperature magnetic signal of a Mn3Sn/MgO 
heterostructure consists a dominant diamagnetic moment from the MgO substrate and a weak 
ferromagnetic moment of the Mn3Sn film (Fig. 2a). After subtraction of the substrate signal, a 
saturation magnetization of ~5.1 emu/cc (Fig. 2b) is obtained, which is typical for the weak 
ferromagnetism in canted antiferromagnets such as in BiFeO3 [34]. This magnetization 
corresponds to an average magnetic moment of ~12 mB/Mn. It is larger than the bulk value 
~2 mB/Mn but rather comparable with the moment in Mn3Sn films deposited on Si substrates 
[35,36]. 
To explore the intrinsic AFM order of the deposited Mn3Sn thin films, we investigated their 
exchange coupling with a soft ferromagnetic (FM) Co90Fe10 (CoFe) layer [28,37]. Fig. 3a 
plots the magnetic-field-dependent magnetization (M-H) of a 5-nm-thick CoFe layer grown 
on a MgO single-crystal substrate capped by a 2-nm-thick Pt layer at different temperatures. 
At room temperature, its coercivity field 0Hc is ~4.6 mT. It greatly increases with lowering 
temperature and reaches ~19.3 mT at 50 K. Its saturation magnetization is ~1200 emu/cc at 
room temperature and is consistent with Ingvarssona et al.’s results for CoFe thin films [38].  
  
In sharp contrast, a CoFe film grown on a 50-nm-thick Mn3Sn film exhibits significantly large 
coercivity fields (Fig. 3b). For example, Hc is ~6.6 mT and ~51.3 mT at 300 and 50 K, 
respectively, which is enhanced by ~44% at 300 K and ~166% at 50 K compared with Hc of a 
single CoFe layer. For all the temperatures ranging from 50 to 300 K, the enhancement of Hc 
can be clearly seen as summarized in Fig. 3c. In exchange-coupled AFM/FM bilayer systems, 
either the exchange bias or the enhancement of the coercivity field of the FM layer or both 
could appear as result of the exchange coupling [39,40]. Thus, such a giant enhancement of 
the coercivity field proves the very strong exchange coupling between Mn3Sn and CoFe, 
which also evidences the antiferromagnetic order in Mn3Sn thin films. 
The Hall effect measurements were subsequently performed. It was found that the AHE exists 
at all temperatures (Fig. 4). Below 200 K, the AHE exhibits obvious hysteresis loop as first 
discovered by Nakatsuji et al. [3] At 50 K and 1 T, the magnitude of anomalous Hall 
resistance RHall is ~0.37 , corresponding to a Hall resistivity of ~1.85 ·cm, which is on 
the same order with that of bulk Mn3Sn [3]. Remarkably, the magnetic field for switching the 
anomalous Hall resistance in our Mn3Sn films is ~90, ~80, ~65 and ~20 mT for 50, 75, 100 
and 150 K, respectively, which is rather comparable with that of bulk Mn3Sn [3]. It has been a 
challenge to realize low switching fields of the AHE in Mn3Sn thin films as it is more than 1 
T in thin films [35,36,41], which is 20 times larger than that of bulk Mn3Sn (few ten mT) and 
prevents Mn3Sn thin films for high-density spintronic device applications. For example, the 
Mn3Sn films annealed at 500 ˚C by Higo et al. [35] and Ikeda et al. [36] show a magnetic 
switching field of ~1 T; You et al. [41] grew quasi epitaxial Mn3Sn films on MgO at 420 ˚C 
and the resulting magnetic switching fields are large than 1 T.  The large switching fields in 
high-temperature grown Mn3Sn thin films could be related to antisite defects such as them in 
high-temperature grown antiferromagnetic MnPt films [37]. That is because intermetallic 
alloys possess largely different surface energies compared with oxide substrate materials and 
  
this difference could be even large at high temperatures, consequently leading to the balling 
issue and defects due to the wetting problem [23]. 
As a result, the current Mn3Sn-based spintronic devices have been only demonstrated based 
on thinned Mn3Sn bulk crystals [10]. The small switching magnetic fields realized in our 
Mn3Sn thin films would largely facilitate magnetic-field control of the non-collinear AFM 
spin structure and anomalous Hall resistance in Mn3Sn-based spintronic devices. 
Following the same thin film growth procedure, we started to grow Mn3Sn thin films on 
(001)-oriented 0.7PbMg1/3Nb2/3O3–0.3PbTiO3 (PMN-PT) single-crystal substrates. In general, 
the integration of intermatallic alloys on ferroelectric PMN-PT is rather challenging and needs 
lots of practice [42]. The reason is that Pb tends to be volatile at high temperatures and 
consequenlty elements of intermetallic alloys would diffuse into Pb vacacies, leading to 
oxidation and secondary alloys. However, the optimized growth temperature of 150 ˚C for 
Mn3Sn thin film growth is relatively low and thus may allow transplating high crystal quanlity 
and exotic physical properties of Mn3Sn films onto PMN-PT. 
As shown in Fig. 5, the magnetic signal of a 50-nm-thick Mn3Sn/PMN-PT heterostructure is 
akin to that of the Mn3Sn/MgO heterostructure (Fig. 2). The saturation magnetization of the 
weak ferromagnetism in the Mn3Sn film grown on PMN-PT is ~4 emu/cc, which is slightly 
smaller than that of Mn3Sn/MgO heterostructures (Fig. 2b). This implies the suppression of 
the AFM spin canting. In addition, Mn3Sn thin films deposited onto PMN-PT substrates 
exhibit a saturation field of ~0.25 T, which is larger than that of a Mn3Sn/MgO 
heterostructure, ~0.15 T (Fig. 2b). Similar to the Mn3Sn/MgO heterostructure, the AHE in the 
Mn3Sn/PMN-PT heterostructure is visible for all the temperatures and the feature of the small 
switching magnetic field remains, which is ~128, ~110, ~96, ~56, ~50, and ~50 mT for 50, 75, 
100, 150, 200 and 300 K, respectively.   (Fig. 6). 
  
Weyls fermions are a new class of topological state of matter. In a Weyl fermion system, 
Weyl points, originating from the linear crossing of non-degenerate bands near the Fermi 
level, typically appear in pair with opposite chirality and are connected by Fermi arcs in the 
momentum space [43]. From the angle of magnetotransport, the exotic Weyl state results in 
AMR and negative magnetoresistance when the measuring current is parallel to the magnetic 
field, which is believed as the signature of chiral anomaly [44]. In bulk Mn3Sn, the existence 
of Weyl points is evidenced by angle-resolved photoemission spectroscopy measurements [9]. 
Meanwhile, both the AMR and negative parallel magnetoresistance are shown to exist.  
Armed with the above thought, we examined the magnetoresistance of Mn3Sn films grown on 
PMN-PT. As plotted in Fig. 7a, although the magnitude of the parallel negative 
magnetoresistance is very small, on the order of ~0.01%, it can be clearly seen for almost all 
the temperatures up to 3 T. In addition, as shown in the polar figure of Fig. 7b, the AMR with 
twofold symmetry over 360˚ is obvious for all the temperatures ranging from 50 to 300 K. 
These data are similar to the signatures of the exotic Weyl state in bulk Mn3Sn single crystals. 
After the successful integration of Mn3Sn thin films onto PMN-PT substrates, we then used 
electric fields perpendicularly applied across the ferroelectric substrate to modulate electrical 
properties of Mn3Sn thin films. To our disappointment, PMN-PT substrates become very 
fragile after the deposition of Mn3Sn thin films and tend to crack easily especially when a 
negative gate electric field EG (schematized in Fig. 8a) is applied, leading to a colossal 
resistance change in the Mn3Sn films at room temperature as plotted in Fig. 8b. Cracks-
induced colossal resistance change has been systematically studied by our recent work and it 
was found that cracks are mainly induced by the internal stress accumulated at domain 
boundaries between freely switchable ferroelectric domains and other domains pinned by 
surface defects [45]. It is possible that the deposition of Mn3Sn on PMN-PT induces more 
  
defects on the surfaces of PMN-PT single crystals, which behave as pinning points and are 
responsible for poor endurance upon external periodic gate electric fields. 
To solve this problem, we tentatively deposited a 100-nm-thick LaAlO3 (LAO) buffer layer 
onto a PMN-PT substrate at a high oxygen pressure of 10-2 Torr (Fig. 9a). As LAO is a 
chemically stable and highly insulating oxide with a large band of ~5.6 eV [46], the insert of a 
LAO layer could prevent any interfacial chemical reaction between PMN-PT and chemically 
active Mn3Sn. It turns out that such a buffer layer enhances the mechanical properties of 
PMN-PT significantly and greatly prevents PMN-PT from cracking.  
As shown in Fig. 9b, the AHE is available in a Mn3Sn film grown on a LAO-buffered PMN-
PT substrate as well. Then we turned to examine the effect of a gate electric field EG (Fig. 10a) 
on the AHE of Mn3Sn that is induced by the topological features of Bloch bands and the 
resulting non-vanishing Berry curvature. At 150 K, an EG of -3.6 kV/cm, which was applied 
at room temperature and kept onto the heterostructure during cooling down to 150 K, 
noticeably enhances the anomalous Hall resistance (Fig. 10b). At zero magnetic field, RHall is 
increased from ~4.1 at EG = 0 kV/cm to ~11.9 m at EG = -3.6 kV/cm, corresponding to a 
~190% anomalous Hall resistance enhancement. This signifies the application potential of the 
anomalous Hall resistance for information encoding operated by electric fields at zero 
magnetic field. A similar trend of the enhancement of RHall by a gate electric field is found at 
200 K as well (Fig. 10c).  
As LAO has a much lower dielectric constant (~25) compared with ferroelectric PMN-PT, the 
addition of the LAO layer between PMN-PT and intermetallic Mn3Sn would largely reduced 
the electrostatic effect. On the hand, the carrier density of Mn3Sn is close to that of usual 
metals, ~6.8×1022 /cm3, and thus the Thomas-Fermi screening length is very short, on the 
order of angstrom [47], which is much less than our film thickness 50 nm. Therefore, the 
  
predominant mechanism for the electric-field-modulated AHE should be piezoelectric strain 
[28]. 
Generally, the anomalous Hall effect in Mn3Sn originates from the triangular 
antiferromagnetic spin structure induced non-vanishing Berry curvature as theoretically 
predicted [1] and experimentally demonstrated [3] However, to enable the switching of the 
triangular spin structure and the resulting anomalous Hall resistance by magnetic fields, a 
subtle canted magnetic moment is the key, which responds to an external magnetic field and 
help coherently switch the order of the triangular spin order and the anomalous Hall effect. 
The piezoelectric strain exerted on Mn3Sn thin films can modify the magnetic anisotropy of 
antiferromagnetic spins. The strain-modulated anisotropy has been demonstrated for 
noncollinear antiferromagnet Mn3Pt [6], collinear antiferromagnet MnPt [28], and other Mn-
based collinear antiferromagnets [48]. More relevantly, Lukashev et al. investigated the 
piezomagnetic effect in Mn-based noncollinear antiferromagnet and found that biaxial 
compressive piezoelectric strain can rotate the triangular spin structure so that the resulting 
Berry-curvature-related Hall vector may exhibit a larger projection along the out-of-plane 
direction[49], which thus enhances the AHE in antiferromagnets.  
Although chiral spintronics involving non-collinear spins have been mainly achieved in 
intermetallic magnetic alloy systems, it could be fully feasible in other material systems such 
as strongly correlated oxides. For example, the topological Hall effect has been recently 
observed [50] in single-layer atomically thin SrRuO3 thin films originating from the tilting of 
oxygen octahedra by epitaxial strain [51,52]. From this perspective, the interesting chiral 
spintronic phenomena including the non-vanishing Berry curvature, the spin Hall effect 
without spin-orbit coupling [53], the topological Hall effect and the skyrmion phase could be 
realized in other magnetic oxides such as LaMnO3 [54,55], LaNiO3 [56], and LaCoO3 [57] by 
strain engineering of oxygen octahedra.  
  
 
4. Conclusions 
In summary, we have successfully integrated the noncollinear antiferromagnet Mn3Sn onto 
ferroelectric PMN-PT in term of thin films, which is essential for utilizing this exotic material 
for advanced topological spintronic devices. Especially, the low switching fields of few ten 
mT achieved in our Mn3Sn thin films is comparable to that of bulk Mn3Sn and would largely 
facilitate the magnetic-field switching of the non-collinear AFM spin structure for device 
applications. The magnetotransport study reveals the similarity between our low-temperature-
fabricated Mn3Sn thin films and the Weyl antiferromagnetic bulk Mn3Sn single crystals.  
More importantly, we have further demonstrated a proof-of-concept of an electric-field-
controlled topological antiferromagnetic spintronic device [20,23] based on a Mn3Sn thin film 
that has been highly desired from the perspective of energy consumption.  
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 Figure 1 
 
 
Fig. 1. Transmission electron microscopy images. a) Cross-section image of a 50-nm-thick 
Mn3Sn/MgO heterostructure. b) Zoom-in image of an interfacial region. The scale bar is 5 nm. 
 
  
 
Figure 2 
 
 
Fig. 2. Mangetism of Mn3Sn in the Mn3Sn/MgO hetreostructure. a) Magnetic-field dependent 
magnetic moment of the Mn3Sn/MgO heterostructure at 300 K. b) Extracted ferromagnetic moment of 
the Mn3Sn film versus magnetic field after the subtration the diamagentic background of the MgO 
substrate. 
 
  
 
Figure 3 
 
 
 
Fig. 3. Exchange coupling. a) Magnetization versus magentic field (M-H) of a 5-nm-thick Co90Fe10 
(CoFe) layer grown on MgO capped by a 2-nm-thick Pt layer at different temperature. b) M-H loops of 
a 5-nm-thick CoFe layer grown on a 50-nm-thick Mn3Sn thin film. c) Coercicivty field (0Hc) of CoFe in 
the two types of heterostructures extracted from a & b. 
  
 
Figure 4 
 
 
Fig. 4. Anomous Hall effect (AHE) in the Mn3Sn/MgO heterostructure. a) AHE from 50 to 150 K 
measured up 1 T. b) AHE at 200 and 300 K measured up 1 T.  
  
 
Figure 5 
 
 
Fig. 5. Mangetism of the Mn3Sn film in a Mn3Sn/PMN-PT hetreostructure measured up to 1 T at 300 K. 
 
  
 
Figure 6 
 
 
Fig. 6. Anomous Hall effect (AHE) in the Mn3Sn/PMN-PT heterostructure. a) AHE from 50 to 150 
K. b) AHE at 200 and 300 K. 
  
 
Figure 7 
 
 
Fig. 7. Magnetoresistance. a) Magnetoresistance at various temperatures while the magnetic field is 
parallel to the measuring current. b) Polar plot of the anisotropics magnetoresistance at different 
temperatures. Inset: Schematic of the measurement geometry. 
  
Figure 8 
 
 
Fig. 8. Formation of cracks in PMN-PT at room temperature. a) Sketch of the gate-field (EG) 
controlled resistance measurement geometry. b) Resistance versus EG. 
 
  
Figure 9 
 
 
Fig. 9. AHE in a Mn3Sn/LaAlO3/PMN-PT heterostructure. a) Schematic of multilayer heterostructure. 
b) AHE at 50, 150 and 200 K. 
 
  
Figure 10 
 
 
Fig. 10. Proof-of-concept of an electric-field controlled topological antiferromagnetic spintronic 
device. a) Schematic of EG-controlled AHE. b) AHE at 150 K under EG = 0 and -3.6 kV/cm. c, AHE at 
200 K under EG = 0 and -3 kV/cm. The non-zero electric fields were applied at room temperature and 
then kept onto the multiferroic heterostructure during cooling down to 150 and 200 K. 
 
 
